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ABSTRACT
CLIP-seq methods provide transcriptome-wide snap-
shots of RNA-protein interactions in live cells. Re-
verse transcriptases stopping at cross-linked nu-
cleotides sign for RNA-protein binding sites. Read-
ing through cross-linked positions results in false
binding site assignments. In the ‘monitored en-
hanced CLIP’ (meCLIP) method, a barcoded biotiny-
lated linker is ligated at the 5′ end of cross-linked
RNA fragments to purify RNA prior to the reverse
transcription. cDNAs keeping the barcode sequence
correspond to reverse transcription read-throughs.
Read through occurs in unpredictable proportions,
representing up to one fourth of total reads. Filter-
ing out those reads strongly improves reliability and
precision in protein binding site assignment.
INTRODUCTION
Post-transcriptional gene regulation is governed by hun-
dreds of RNA binding proteins (RBPs). RBPs form ribonu-
cleoprotein complexes with all kind of RNAs to function as
genetic information support, structural scaffold, interaction
guide, or enzyme. The repertoire of eukaryotic RBPs com-
prises over 1500 different RBPs in human (1). In the case
of human messenger RNAs (mRNAs), literally covered by
proteins, RNA is in direct contact with>800 differentRBPs
(2,3), which modulate transcript processing and destiny (4).
Despite the physiological importance of RBPs evidenced by
their implication in diverse pathologies (5), the precise func-
tion of most RBPs remains obscure. The development of
the cross-linking and immunoprecipitation (CLIP) method
represented a pioneering step in the quest of RBP mapping
(6). The basic principle of this strategy is the covalent bind-
ing of RBPs with their direct RNA targets by ultraviolet
(UV) light irradiation. Once cross-linked, RNA digestion
separates RNA-protein complexes before immunoprecipi-
tation under stringent washing conditions. Coupled to high
throughput sequencing, CLIP offers a transcriptome-wide
snapshot of RNA-protein interactions in live cells as cova-
lent links are formed before any disturbing purification step
(7). The importance of CLIP methods prompted the com-
munity to further improve their efficiency, specificity, and
accuracy, as reviewed recently by Lee and Ule (8).
A major caveat of CLIP methods is the poor efficiency of
UV-C crosslinking, which is estimated not to exceed a few
percent (9). The crosslinking efficiency per se can be strongly
improved by using photoactivatable ribonucleosides com-
bined with UV-A irradiation (PAR-CLIP) (10). However,
incorporation in living cells of nucleoside analogs intoRNA
is likely to introduce a bias in the RNA sequences that in-
teract with RBPs.
In addition to cross link, cDNA library preparation fur-
ther decreases CLIP efficiency. After purification and pro-
tein digestion, cross-linked peptides remain attached to
RNA fragments. This cross-linking mark partially blocks
reverse transcriptase (RTase) progression during cDNA
synthesis (11). This issue is circumvented by CLIP strate-
gies in different ways. In the HITS-CLIP protocol, cDNA
library preparations are based on adaptors ligated at both
RNA extremities. Hence, cDNA fragments terminated at
the cross-linking site do not harbor the 5′ adaptor and can-
not be amplified by PCR. Thus, only cDNA fragments re-
sulting from RTase bypassing the cross-linking site (read-
through) are sequenced (Figure 1A). It was then suggested
that the center of these read-through reads corresponds on
average to the binding site (12), and thus shorter RNA frag-
ments provide higher binding site accuracy. This is limited,
however, by the minimal read length (of around 20 nt) re-
quired for an unambiguous mapping (13).
The individual-nucleotide resolution CLIP (iCLIP) pro-
tocol was conceived to recover truncated cDNA, whichmay
constitute a large fraction of the total cDNA fragments (14).
With this approach, a single adaptor is ligated to the 3′-end
of RNA fragments before reverse transcription. After cir-
cularization and relinearization, cDNAs are amplified by
PCR independently of cDNA termination (Figure 1B). The
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Figure 1. Comparison of CLIP, iCLIP, and eCLIP procedures. Scheme of the CLIP protocol. Immunoprecipitated RNA fragments are coupled to a
peptide (blue square) at the crosslinking site (red cross). Reverse-transcription (RT) either stops or reads through the crosslinking site. (A) For CLIP,
adaptors (purple and green) are ligated at both extremities of the crosslinked RNA fragments. Only read-through cDNAs can be amplified by PCR using
primers complementary to adaptors generating read-through reads. (B) For iCLIP, a single bipartite adaptor is ligated at the 3′ extremity of the crosslinked
RNA fragments. Full-length or truncated cDNAs are circularized and then linearized leading to the presence of adaptors at both extremities. PCR amplifies
both truncated and read-through reads. (C) For eCLIP, a single adaptor (green) is ligated at the 3′ extremity of the crosslinked RNA fragments. After RT, a
second adaptor (purple) is ligated to the 3′ extremity of the cDNAs. PCR amplifies both truncated and read-through reads. The green arrows point towards
the position of the crosslinking site. The red arrows point towards the 3′ extremity of the cDNA, upstream the crosslinking site.
first sequenced nucleotide of truncated reads, after 5′ adap-
tor removal, corresponds to the nucleotidewhere the reverse
transcriptase stopped, one nucleotide downstream of the
cross-linking site (14). More recently, the enhanced CLIP
(eCLIP) (15), infrared-CLIP (irCLIP (16)) and bromod-
eoxyuridine CLIP (BrdU-CLIP) (17) methods also sug-
gested improvements of the library construction in order
to capture all cDNAs (18). In the case of eCLIP notably,
adaptors are ligated first at the 3′-end of RNA and next at
the 3′-end of the cDNA, hence bypassing a relatively low-
yield circularization step (Figure 1C). In addition, eCLIP
includes a parallel analysis of the size-matched input (SM-
input) control to identify the most abundant non-specific
RNA fragments contributing to background signal (15).
iCLIP- and eCLIP-related methods provide single nu-
cleotide resolution of the cross-linked site as reverse tran-
scriptase tends to stop one nucleotide downstream of the
cross-linking site (14) (Figure 1B, C). While in theory the
truncation site is independent of the read length, consid-
ering various cDNA lengths helps RBP binding site assign-
ment (19). Thismay result partly from a non-negligible pop-
ulation of read-through reads, whose mapping precision is
affected by read length. This population can nonetheless be
computationally estimated. Indeed, when passing through
the cross-linked nucleotide, reverse transcriptases generate
mutations (20). These cross-linking induced mutation sites
(CIMS) are valuable both for CLIP-related methods to lo-
calize the binding sites and for iCLIP/eCLIP derivatives to
estimate the proportion of read-through reads (21). How-
ever, CIMS occurrence is variable between RBPs and often
remains low among read-through reads, thus preventing a
precise binding site mapping (12,21). Furthermore, when
long RNA fragments are purified, many sequenced reads
are too short to reach the CIMS. In the case of RBPs recog-
nizing specificmotifs, adding amotif search can help tomap
binding sites (12,19,21). However, using motif search is lim-
ited by RBPs generally targeting low complexity sequences
(22).
For both iCLIP and eCLIP, mapping accuracy depends
upon the proportion of truncated reads versus read-through
reads, as the latter correspond to spurious cross-linking
sites. Consequently, a major hurdle hit by CLIP-related
methods is the unpredictable behavior of reverse transcrip-
tases: they either stop or read through the crosslinking site
on RNA fragments in a stochastic way. Read-through reads
may represent a large percentage of total reads, hence may
distort binding site assignment. To discriminate truncated
reads from read-through reads, we modified the eCLIP
pipeline to establish a ‘monitored eCLIP’ (meCLIP) proto-
col. The major modification consisted in adding a biotiny-
lated oligonucleotide ligation to the 5′-end of theRNA frag-
ments to discriminate read-through from truncated cDNA
fragments. The ability of the reverse transcriptase to read
through the RBPs cross-linking site is monitored to system-
atically discriminate and filter out read-through reads that
generate imprecise peaks. Here, we applied meCLIP to the
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human RNA helicases, eIF4A3 (eukaryotic initiation fac-
tor 4A3), a core component of the exon junction complex
(EJC) (23), and UPF1 (up-frameshift factor 1), an essential
factor for the nonsense-mediated RNA decay (NMD) (24).
MATERIALS AND METHODS
Plasmids and molecular cloning
Genome edition of endogenous eIF4A3 was achieved
through expression of Cas9 (Streptococcus pyogenes) nick-
ase from pX335 (Addgene) and sgRNAs from sgRNA ex-
pression vectors (kind gift from Edouard Bertrand). The
sgRNA expression vector displays an optimized sequence
for the improved expression of the sgRNA as previously
described (25). Briefly, the sgRNA scaffold has been engi-
neered to remove an RNA polymerase III stop motif and to
stabilize the hairpin structure recognized by Cas9. sgRNA
protospacers sequences were designed using eCRISP (http:
//www.e-crisp.org/E-CRISP/). Insertion of those sequences
in the sgRNA expression vectors was done by Golden Gate
assembly into Bbs1 restriction sites. For UPF1 genome edi-
tion, sgRNA sequence from pX335 was replaced with the
one from the sgRNA expression vector and a second one
was added with the Bsa1 restriction site by Gibson assem-
bly (26). Corresponding sgRNAs targeting the C-terminal
region of UPF1 were then cloned by Golden Gate assembly
in Bbs1 and Bsa1 restriction sites.
eIF4A3 homology regions (800 bp upstream and down-
stream the stop codon, with modification of PAM se-
quences to prevent re-cutting) were chemically synthesized
(Genewiz) in pUC19.UPF1 homology regions (1000 bp up-
stream and downstream the stop codon) were amplified by
PCR on HeLa genomic DNA. pUC57 vectors comprising
sequences coding for the 3× HA affinity tag, an IRES2, the
puromycin resistance gene and the SV40 polyadenylation
signal were a gift from E. Bertrand’s laboratory. For UPF1
edition, the tagging cassette wasmodified by replacement of
the TEV cleavage site by a 3C proteolytic site repositioned
after the HA affinity tag and addition of a 3xFLAG tag.
These modifications were ordered as a gBlock DNA frag-
ment (IDT). Final repair plasmids were obtained by assem-
bly of the homology regions and the tagging cassettes by
Gibson assembly (26).
Cell culture
Human HeLa cells were grown in DMEM supplemented
with GlutaMAX, 4.5 g/l glucose, 110 mg/l sodium pyru-
vate, 10% fetal bovine serum, 100 U/mL penicillin and 100
g/ml streptomycin (Life Technologies). Cells were pas-
saged every 3–4 days following standard procedure and cul-
tivated in a humidified incubator at 37◦Cwith 5%CO2. Five
million cells at 50% confluency were co-transfected using
homemade JetPEI reagent with 0.5 g pX335, 1.5 g of
each of the sgRNAs expression vectors and 1.5 g of re-
pair plasmid (eIF4A3) or 0.5 g of modified pX335 and
4.5 g of repair plasmid (UPF1). Cells were split in five
15 cm dishes 24h post-transfection and puromycin (Invivo-
Gen) at various concentrations (0, 250, 500, 1000 and 2000
ng/ml) was added 24 h later. Medium was replaced every
3–4 days with fresh antibiotic for 10–15 days. Clones ob-
tained at the highest puromycin concentration were picked
in 96-well plates and expanded for an additional 15 days.
Transgene integration and expression
For genomic DNA extraction, cells were lysed in PXL ly-
sis buffer containing proteinase K and RNase A at 37◦C.
Lysates were centrifuged and the supernatants were then
precipitated with 2 volumes of ethanol following phenol–
chloroform–alcohol isoamyl (25:24:1) extraction. Trans-
gene integration at the correct locus was verified by PCR
with primers annealing upstream the targeted region and
in the insertion. Homozygosis was then investigated by
PCRwith primers annealing upstream and downstream the
homology regions. Expression was tested by western blot
on the soluble fraction of a cell lysate with antibodies di-
rected against the endogenous proteins and/or the affin-
ity tag itself. Correct integration of eIF4A3 into the native
EJC was tested on cell line eIF4A3-HA (clone B) by co-
immunoprecipitation and western blot.
Antibodies for immunoprecipitation
Anti-eIF4A3 were previously described (27). HA & Flag
tagged proteins were respectively immunoprecipitated with
Pierce anti-HAmagnetic beads (Life Technologies) andM2
anti-FLAG magnetic beads (Sigma).
Oligonucleotides design and sequences
RNAandDNA linker sequences from the published eCLIP
procedure (15) were modified in order to allow sequenc-
ing of the library in single-end mode and to be compatible
with the P3/P5 PCR primers from Solexa used in standard
iCLIP. Random and multiplex barcodes were placed on the
second ligation primer. All the sequences are available in
Supplementary Text S1. All the oligonucleotides were pur-
chased from IDT and Eurofins Genomics and were ordered
desalted, except for the P3/P5 primers that were ordered
PAGE purified.
eCLIP and meCLIP library preparation
eCLIP procedure is similar to the one developed by Van
Nostrand and colleagues with a few modifications notably
towards oligonucleotides sequences (cf. Results section). A
few kit-based manipulations were also replaced by con-
ventional biology methods, such as ethanol precipitation.
eCLIP and meCLIP step-by-step protocols are available in
Supplementary Text S1. Briefly, 20 million cells per sam-
ple were crosslinked at 150 mJ/cm2. Sample underwent
partial RNase 1 digestion. The soluble fraction was pre-
cleared (wild-type eIF4A3) with unconjugated protein A
beads before IP or directly immunoprecipitated (eIF4A3-
HAandUPF1-FLAG) on pre-coupled correspondingmag-
netic beads. Two percent of RNase-treated lysate was kept
at 4◦C to be used as SM-input negative control. RNP com-
plexes were washed stringently with a buffer containing 1M
NaCl and 2MUrea. Cross-linked RNAs were subsequently
5′ and 3′ dephosphorylated, followed by 3′ RNA linker lig-
ation as previously reported (15). In meCLIP experiments,
D
ow
nloaded from
 https://academ
ic.oup.com
/nar/article-abstract/46/21/11553/5106469 by Ecole N
orm
ale Supérieure Paris user on 29 N
ovem
ber 2019
11556 Nucleic Acids Research, 2018, Vol. 46, No. 21
a 5′ phosphorylation event was added with T4 PNK to al-
low the subsequent 5′ ligation of the biotinylated linker. Re-
sulting RNPs and SM-input control were purified by SDS-
PAGEand transferred onto a nitrocellulosemembrane. Size
selection was performed by comparison to a radiolabeled
control (5% of the beads can be radiolabeled with  -32P
ATP and T4 PNK) and elution of RNAs was achieved by
proteinase K treatment, acid phenol–chloroform extraction
and ethanol precipitation. SM-input samples were 5′ and
3′ dephosphorylated. 3′ RNA linker was then ligated and
the resulting RNAs, as well as the eCLIP samples, were re-
verse transcribed. cDNAs were purified by Exo1 treatment
to remove unused RT primers and alkaline treatment to re-
move RNAs. A second 3′ ligation step was then performed
in conditions optimized by Van Nostrand et al. Ligation
products were then purified with Agencourt AMPure XP
beads modified with a cutoff set at 50-mer (28). Final quan-
tities of the libraries were estimated using qPCR and sam-
ples with close Cp were multiplexed prior to final PCR am-
plification. PCR product were size-selected (175–300 bp) by
PAGE and eluted by diffusion. Samples were then precipi-
tated and submitted to single-end sequencing on a NextSeq
500 sequencer (Illumina) in two separate runs (t1 and t2).
Reverse transcription assays
As indicated, SuperScript-IV (Invitrogen) was used on
extracted RNAs according to the manufacturer’s proto-
col. Following denaturation, reverse transcription was per-
formed at a high temperature (55◦C) to decrease RNA sec-
ondary structures. SuperScript-III (Invitrogen) was used in
a similar manner, but at a lower temperature (42◦C, then
50◦C) since this enzyme is less thermostable than SSIV.
AffinityScript (Agilent Technologies) was used at 55◦C, as
previously described (15). TGIRT-III (InGex) was used at
60◦C, as previously described (16). Detailed protocols are
available in the Supplementary Text S1.
Read pre-processing and mapping
We performed de-multiplexing of raw reads using a
custom script that identifies sample 5′ end barcodes
(four nucleotides within a 9 bp randomer). We applied
PCR duplicate removal on the de-multiplexed data,
and once again after merging the reads from the same
sample originating from different lanes; reads with the
exact same sequence, including the 9 bp randomer were
considered as PCR duplicates. After barcode trimming,
we used cutadapt (version 1.10) to trim the 13 bp 5′
end linker (CAGTCCGACGATC) of read-through
reads and simultaneously separate them from truncated
(untrimmed) reads. Finally, we trimmed the 3′-Illumina
adaptor and poor-quality bases with trimmomatic (v.0.36),
discarding reads that were <20 bp long after trimming
(options ILLUMINACLIP:/path/to/Trimmomatic-
0.36/adapters/TruSeq2-PE.fa:2:30:1 SLIDINGWIN-
DOW:5:25 LEADING:25 TRAILING:25 MINLEN:20).
To sort the reads into the categories of short and long
cDNA fragments, we used cutadapt after PCR duplicate
removal with the following options:
cutadapt -a AGATCGGAAGAGCGGTTCAGCA
GGAATGCCGAGACCGATCTCGTATGCCG
TCTTCTGCTTG –m 20 –untrimmed-output =
my sample long fragments.fastq my sample.fastq >
my sample short fragments.fastq
Untrimmed reads correspond to long fragments that
were not fully sequenced and thus lack the Illumina 3′ end
adapter. All sorted reads were mapped separately against
the reference genome.
For genome visualization, datasets were mapped to the
human genome (hg38, Ensembl 85, with processed tran-
scripts and pseudo genes masked), using STAR (version
2.5.1b) with the following parameters:
STAR –readFilesIn raw reads.fastq.bz2\
–outFileNamePrefix/path/to/output/mapped reads.\
–readFilesCommand bunzip2-c\
–outReadsUnmapped Fastx\
–genomeDir/path/to/genome/index/–sjdbOverhang 100–
sjdbGTFfile/path/to/annotation/hg38.gtf\
–outFilterType BySJout –alignSJoverhangMin 8–align
SJDBoverhangMin 1\
–outFilterMatchNminOverLread 0.4–outFilterScore Mi-
nOverLread 0.4–outFilterMultimap Nmax 20\
–outFilterMismatchNmax 999–outFilterMismatch
NoverLmax 0.06–alignIntronMin 20\
–alignIntronMax 1000000–outSAMattributes All\
–outSAMtype BAM SortedByCoordinate\
–outWigStrand Stranded –quantMode GeneCounts
For the meta-exon profiles, we downloaded spliced tran-
script sequences from Ensembl (hg38, Ensemble 85), and
mapped the reads using bowtie2 (version 2.3.2) with its de-
fault parameters. We used spliced transcriptome sequences
as reference rather than the genome sequence because we
systematically obtained a depletion of reads in the 6nt re-
gion upstream of the exon junction. In both cases, we
mapped reads to one representative transcript per gene, se-
lecting the isoform with the maximum number of exons,
using the longest exonic size as a tiebreaker. To compute
the number of uniquely mapped reads, we used the num-
ber of uniquely mapped reads reported in the STAR final
log file. We computed the read-through percentage of each
meCLIP library as the number of uniquely mapped read-
through reads over the sum of uniquely mapped truncated
and read-through reads.
Peak detection and intersection
We used the CTK suite (Shah et al.) to detect cross-linking
induced truncation sites (CITS) (https://zhanglab.c2b2.
columbia.edu/index.php/CTK Documentation) using the
following commands:
perl /path/to/ctk/parseAlignment.pl -v –map-qual 255 \
–min-len 18 –mutation-file mutations.txt - \
parsedReads.bed
perl /path/to/ctk/getMutationType.pl
-t del mutations.txt \
parsedReads.deletions.bed
perl /path/to/ctk/CITS.pl -big -gap 10 -p 0.001 \
parsedReads.bed \
D
ow
nloaded from
 https://academ
ic.oup.com
/nar/article-abstract/46/21/11553/5106469 by Ecole N
orm
ale Supérieure Paris user on 29 N
ovem
ber 2019
Nucleic Acids Research, 2018, Vol. 46, No. 21 11557
parsedReads.deletions.bed \
cits.output.bed
The CITS detection tool finds significant truncation sites
when the number of truncations per position are compared
to a shuffled read-start distribution. It is therefore suitable
for single-nucleotide resolution binding site assignment in
iCLIP and eCLIP experiments. Next, we computed 2-fold
SM-input enrichment of the CITS reported by CTK and
of the same set of CITS with shuffled genomic coordinates.
For downstream analyses, we selected CITS with a 2-fold
enrichment higher than the 95th percentile of the shuffled
distribution (which corresponds to a P-value <0.05). Mul-
titest correction was not used due to a major loss of power
(high number of false negatives).
Prior to CITS intersection, we increased the CITS region
with bedtools slop (version 2.27.1), using the option -b 5.
We carried out all read and truncated read CITS intersec-
tion with BedTools’ intersect (version 2.27.1) with options
–c –s –a truncated.cits.bed –b all.reads.cits.bed to obtain the
number of common peaks; to retrieve the peaks only found
in either dataset, options –v and –s were used. We used
matplotlib-venn (version 0.11.5) to plot the Venn diagrams.
The percentage of common CITS corresponds to the Jac-
card index multiplied by 100; the percentage of CITS found
only on either all reads or truncated reads was computed by
dividing the respective number of peaks by the total number
of peaks detected on both datasets.
regplot function from the Seaborn python library (ver-
sion 0.8.0) was used to plot both the percentage of read-
through reads and the number of uniquely mapped reads
against the fraction of peaks detected in the all read
datasets.
Peak correlation scatterplots
To assess the correlation between replicate peaks, we fol-
lowed the ENCODE procedure to find significantly SM-
input enriched peaks (Ref. Yeo). We calculated SM-input
fold-enrichment of all CITS detected by CTK and applied
False Discovery Rate as multiple test correction. Peaks with
fold-enrichment higher or equal to 8 and P-value under
10−5 were considered significantly enriched.
Next, we obtained the CITS in common between repli-
cates by intersecting all detected CITS (independently of
their SM-input enrichment), using the same parameters
as the intersection described above. We plotted the fold-
enrichment value of each replicate for the common peaks,
coloring the fraction of peaks that were significantly en-
riched in the first replicate. We computed the squared Pear-
son’s correlation coefficient (R2) using the SciPy python li-
brary (version 0.19.1), both on fold-enrichment values of all
CITS and of significantly enriched CITS of the first repli-
cate.
Distribution of 5′ ends relative to the exon junction (meta-
exon plot)
We used BedTools intersect (version 2.27.1) to intersect
uniquely mapped reads to Ensembl85 exon annotations of
the hg38 assembly of the human genome, which was gen-
erated using the header of the transcript sequences down-
loaded from Ensembl; the genomic coordinates of exons
were converted into transcript coordinates to be consistent
with the mapping output from bowtie2. We only consid-
ered reads mapped to protein coding genes, mapped to ex-
ons longer than 30 bp, and whose 5′ end mapped inside the
boundaries of the exon; the distance of the 5′ end of each
read was plotted to either the start or the end of the exon,
correcting the exon distribution and library size by dividing
the counts at each relative position by the number of exons
covered at that position and the total number of mapped
reads. For genome visualization, BAM files (STAR aligner
output) were converted to bedGraph files using BedTools
genomecov function. To find ‘canonical exons’, we auto-
mated the retrieval of individual exon coordinates by se-
lecting exons with a high proportion of 5′ ends inside the
approximate canonical binding region (between 29 and 19
nucleotides upstream of the exon junction); similarly, we
identified exons with no read-through signal by selecting ex-
onswhich intersect with truncated reads but do not intersect
with read-through reads.
RESULTS
Immunoprecipitation strategy for CLIP
CLIP efficiency suffers from the caveats inherent to IP such
as epitope accessibility, affinity and antibody specificity.
This is particularly critical when using large-scale proteomic
or transcriptomic approaches to characterize protein com-
plexes. Indeed, the depth of such strategies determines sig-
nal discrimination form noise. Unfortunately, suitable com-
mercial antibodies for IP are not always available, espe-
cially for newly discovered RBPs. Furthermore, dedicated
antibody production is long and uncertain. As an alterna-
tive option, exogenous proteins fused to well-characterized
affinity tags can be used. However, expression conditions
of recombinant proteins (strong synthetic promoters, opti-
mized codons, high gene copy number/cell ratio) may gen-
erate artefactual interactions that differ from the endoge-
nous cellular context. Moreover, the competition between
endogenous and recombinant RBPs may provoke biases in
the outcome.
Recently, Van Nostrand and colleagues addressed some
of the aforementioned immunoprecipitation issues by using
a version of eCLIP (TAG-eCLIP) (30), in which CRISPR-
Cas9 mediated gene editing was used to generate endoge-
nous RBPs fused with affinity tags. However, when gene
modifications are heterozygous, only a portion of the pro-
tein of interest is concerned by the immunoprecipitation
of the affinity tag, thus impacting IP yield and RNA-
protein complexes recovery. Here, we used CRISPR/Cas9
(31) (Supplementary Figure S1) to knock-in an affinity tag
and a selection cassette to select positive insertions (Figure
2A, Supplementary Figures S2 and S3). To reduce the num-
ber of clones resulting from random plasmid integration
and increase the yield of homozygous insertions, a selection
marker was inserted at the C-terminal region of the RBP
loci as an independent open reading frame driven by an in-
ternal ribosomal entry sequence (IRES) to avoid its fusion
to the tagged protein. We successfully obtained homozy-
gous HeLa cell lines making eIF4A3 and UPF1 proteins
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Figure 2. CRISPR/Cas9 editing of eIF4A3. (A) Schematic representation of the edited eIF4A3 gene. C-terminal insertion harbors a TEV proteolytic
cleavage site and a 3xHA affinity tag, fused to a Internal Ribosomal Entry Site (IRES2)-controlled puromycin (PuroR) selection cassette encompassed by
LoxP recombination sites. pA: poly A signal. (B) Lysates from wild type (WT) or eIF4A3-edited (cHA) Hela cells were immunoprecipitated with anti-HA
or anti-eIF4A3 antibodies and probed for EJC core subunits by Western Blot. FT: flow-through; P: precipitate. The star indicates a C-terminal truncated
form of eIF4A3-HA. C.Number of uniquely mapped reads from eIF4A3 eCLIP libraries obtained either with endogenous (eIF4A3-WT) or with anti-HA
(eIF4A3-HA).
fused to either 3xHA or 3xFLAG affinity tags. Sequenc-
ing of the corresponding genomic regions showed that both
gene alleles were correctly edited (Supplementary Figures
S2 and S3). eIF4A3 expression levels were compared in both
WT and edited HeLa cells using anti-eIF4A3 or anti-HA
antibodies. Single bands showed that both eIF4A3 alleles
had been successfully modified and the HA tag was con-
firmed not to affect protein expression levels (Figure 2B,
lanes 1, 2, 7, 8). Moreover, immunoprecipitation with anti-
HA or anti-eIF4A3 antibodies confirmed that both forms
of the protein co-precipitated as efficiently their core EJC
partners MAGOH, Y14 and MLN51, demonstrating that
editing neither altered eIF4A3 expression, nor its incorpo-
ration into EJCs.
We next employed the eCLIP pipeline (15) to compare
eCLIP efficiency performed with anti-eIF4A3 and anti-HA
antibodies. After sequencing, read pre-processing andmap-
ping against the human genome, we found that a higher
number of uniquely mapped reads was obtained using the
anti-HA antibody for the immunoprecipitation step (Fig-
ure 2C). Thus, the high affinity anti-HA antibody against
CRISPR-tagged eIF4A3 improves eCLIP library prepara-
tion efficiency.
Sorting out truncated cDNA reads using ‘monitored eCLIP’
or meCLIP.
A bottleneck of current CLIP procedures resides in their
inability to determine the proportion and variability of
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reverse transcriptase that read through cross-linked nu-
cleotides, and the consequences on the accuracy of RBP
binding site assignment. To alleviate this hurdle, we mod-
ified the standard eCLIP pipeline, to establish ‘monitored
eCLIP’ or meCLIP. The major modification of meCLIP
compared to eCLIP consists in ligating an oligonucleotide
containing a barcode at the 5′ end of RNA fragments be-
fore RT (Figure 3). The 5′ linker is reverse transcribed if,
and only if, the RTmanages to pass the RNA-peptide cross-
linking site. It is then possible to quantify the ratio between
the numbers of reads that harbor the 5′ linker and those
that do not. However, the ligation yield significantly varies
across experiments (10,32) and unligated RNAs may sig-
nificantly bias such an approach. To circumvent this obsta-
cle, the 5′ linker was biotinylated. Purification of biotiny-
lated RNA fragments eliminates unligated RNAs before re-
verse transcription. After sequencing, reverse transcription
termination events are then easily monitored by detecting
the biotinylated linker sequence at the beginning of the read
(Figure 3). The steps of eCLIP andmeCLIPmethods shown
in Figure 3 are described in detail in the Methods section.
In addition to the 5′ linker ligation, we replaced all adap-
tors for single-end sequencing compatibility. Since both the
cross-linking site and the biotinylated linker are at the 5′-
end of the read, pair-end sequencing is not necessary. Ad-
ditionally, random and multiplexing barcodes were placed
on the 3′ DNA linker, avoiding the use of costly RNA mul-
tiplexing linkers. In summary, with the biotinylated 5′ RNA
linker enables it is possible to distinguish truncated reads
from read-through reads.
meCLIP reveals a highly variable proportion of read-through
reads
In order to estimate the impact of the extra steps added
to the eCLIP protocol onto library preparation efficiency,
we first performed four eCLIP and meCLIP experiments
in parallel using anti-HA to target eIF4A3-HA. Quantita-
tion of cDNA libraries by RT-qPCR revealed that meCLIP
preparation is on average only 3.5 times less efficient than
eCLIP.Moreover, we verified that fragments that are not lig-
ated to the biotinylated primer are not retained on strepta-
vidin beads, which indicated the high specificity of biotiny-
lated fragment purification. Then, we performed meCLIP
using anti-eIF4A3 antibodies, anti-HA (to target eIF4A3-
HA) or anti-FLAG (to target UPF1-FLAG) using Super-
Script IV RTase. We observed that the quantity of read-
through reads reached up to one-fourth of the total num-
ber of reads (Figure 4A). In addition, there were great vari-
ations in read-through proportions between replicates or
between targeted RBPs. It is important to note that read-
through read percentage reflects the ability of a reverse tran-
scriptase to bypass a cross-linked nucleotide. As this ability
may differ from one RTase to another, we repeated eIF4A3-
HA meCLIP with three additional RTases: AffinityScript,
SuperScript III and TGIRT III. These enzymes have dif-
ferent biological origins and have also been employed for
various CLIP experiments (14–16). Each reaction was car-
ried out at the optimal conditions of each enzyme. In addi-
tion, to test the variability of this feature and to simulate
laboratory-to-laboratory variations, meCLIP experiments
5’ 3’
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5’5’
3’ ligation
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cell lysis &
RNA fragmentation
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Figure 3. Detailed comparison of the eCLIP and meCLIP protocols. Pre-
sentation of the different steps involved in eCLIP andmeCLIP procedures.
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were done in duplicate by two different experimenters and
in independent sequencing runs. For the various eIF4A3-
HAmeCLIP libraries, the percentage of read-through reads
was highly variable (from 2 to 24%) and depended on the
RTase used (Figure 4B). The lowest proportion of read-
through reads was observed with AffinityScript while the
three other enzymes generated more variable and greater
proportion of read-through reads (at least 8–25%). qPCR
quantification of cDNA obtained after RT showed variable
efficiency measures among different enzymes (Supplemen-
tary Figure S4A). However, different cDNA yield did not
correlate directly with PCR duplicate rate in sequenced li-
braries (Supplementary Figure 4B, C). These results illus-
trate how the meCLIP protocol can sort out the highly vari-
able and significant amount of read-through reads from the
final dataset independently of experimental conditions.
meCLIP removes noise from binding site detection
Detection of significant peaks among mapped reads is a
critical step in CLIP-seq downstream analysis to identify
potential RBP binding sites. To assess the impact of read-
through reads on peak detection, we used the cross-link in-
duced truncation site (CITS) detection software from the
CTK suite (29) on meCLIP datasets corresponding either
to all reads (equivalent to an eCLIP dataset), or to trun-
cated reads only. As detailed in the Methods section, we se-
lected CITS with a significant SM-input enrichment (P <
0.05). The comparison is illustrated first by a few examples
that show how peaks are distributed on some annotated ex-
ons (Figure 5). On exon 47 of the LAMA1 gene, two of the
four CITS (underlined by a black line) are detected on the
all read signal. When applying CITS detection on truncated
reads only, these truncation sites are no longer detected, and
the right-most CITS is shifted upstream toward a stronger
truncation signal. (Figure 5A). The binding site detected in
all reads on exon 7 of FBLX6 corresponds mainly to read-
through read signal and thus is not likely to be a truncation
site (Figure 5B). In contrast, the binding site on exon 11 of
INPPL1 corresponds exclusively to truncated read signal,
and most likely corresponds to a cross-linked RNA region
(Figure 5C). These examples illustrate that, within a given
eCLIP experiment, the proportion of read-through versus
truncated reads is highly variable and unpredictable from
one transcriptome region to another (Figure 5A–C). CITS
detected in the whole eCLIP dataset but absent in the trun-
cated reads dataset clearly constitute incorrect cross-linking
sites.
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Following UV crosslinking, RNase treatment, and RBP purification, an
RNA adaptor (green) is ligated at the 3′ end. For meCLIP, a biotinylated
RNA linker (blue) is incorporated at the 5′ end. RNAs are fractionated
by electrophoresis and eluted from gels. For meCLIP, biotinylated RNAs
are purified on Streptavidin beads using stringent conditions. Reverse tran-
scription (RT) is then performed, which leads to two distinct cDNA popu-
lations. One of them bears the 5′ linker if the reverse transcriptase reads
through the crosslinked peptide (read-through cDNAs). The other one
lacks the 5′ linker due to a stop of RT at the crosslinked peptide. A second
adaptor (purple) is ligated at the 3′ end of the cDNAswhich are next ampli-
fied by PCR and submitted to high-throughput sequencing. For meCLIP,
two populations of reads are easily sorted out based on the presence or
absence of the biotinylated linker sequence.
To determine the impact of read-through reads on CITS
detection at the genome scale, we intersected the sets of
CITS detected on all reads and on truncated reads sepa-
rately. In the case of SuperScript III, replicate 1, most peaks
are common (∼82%), a small proportion (0.34%) are de-
tected only in the truncated read dataset, and 17% of the
peaks are detected only in all reads (Figure 5D). Since the
only difference between all read and truncated read data
sets is the presence of read-through reads, these CITS were
considered as originating from the read-through signal. By
comparing eIF4A3 datasets obtained with different RTases,
aswell as theUPF1 replicates, we found a direct relationship
between the percentage of ‘read-throughCITS’ and the pro-
portion of read-through reads in each library (Figure 5E),
but not with the total number of mapped reads (Figure 5F);
we did not observe this relationship when comparing with
the CITS detected exclusively on truncated reads (Supple-
mentary Figure S5). Taken together, these results show that
read-through reads generate imprecise binding sites that can
be sorted out with the meCLIP procedure.
Next, we followed the ENCODE eCLIP pipeline (15) to
assess the reproducibility of meCLIP peaks detected on all
reads and on truncated reads (Supplementary Figure S6).
Using this approach, comparison of meCLIP datasets cor-
responding to the unrelated proteins eIF4A3 and UPF1
showed very poor correlation coefficients. In contrast, com-
parison ofmeCLIP replicates showed higher correlation co-
efficients, varying between 0.19 and 0.58. Overall, removing
read-through reads had little to no effect on replicate repro-
ducibility, as shown when comparing truncated reads to all
reads.
meCLIP improves precision of cross-linking site positioning
We next investigated the influence of read-through reads on
the localization of the binding sites of a given protein. We
used the data of eIF4A3 which has been shown to bind to
a precise position upstream of the exon junction (23) and
not the data of UPF1 that has been shown to be widely dis-
persed over mRNA 3′UTR regions (33,34). We first com-
pared the transcriptome-wide distribution of 5′ ends using
the addition of truncated and read-through datasets and po-
sitioned them relative to the exon junction. A sharp peak
was observed centered on the 27th nucleotide upstream the
exon junction (Figure 6A). Most of the reads around this
position belong to the truncated read category. In contrast,
the 5′ ends of read-through reads are distributed upstream
of the 27th nucleotide peak, as expected for reads bypassing
the cross-linking site. We next examined the 5′ end position
of truncated and read-through reads on individual exons. In
agreement with the transcriptome-wide distribution, read-
through signals often appear upstream of a cluster of trun-
cated reads 5′ ends (Supplementary Figure S7A and B). Up-
stream read-through signal varies in positions and intensi-
ties from one exon junction to another. They are sometimes
absent despite a read-through percentage of over 10% in the
SuperScript III, replicate 1 library (Supplementary Figure
S7C). Additionally, we found examples of CITS far away
from the canonical EJC deposition site thatmay correspond
to non-canonical EJC binding sites (27,33) (Supplementary
Figure S6D). These examples illustrate how the meCLIP
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Figure 4. Read-through reads percentage for meCLIP depends on experimental conditions. Libraries generated using (A) different cross-linked proteins
and (B) different reverse transcriptases (RTase) and HA-tagged eIF4A3.
protocol reduces the noise ofRBP signals and helps improv-
ing the precision of binding site localization.
Read length was recently debated (13,19) as having an
impact on the precision of 5′ end of reads obtained from
iCLIP, and iCLIP-derived experiments. Hauer et al. pointed
out that using the center of short fragments instead of
the 5′ end of iCLIP reads increased the precision of RBP
mapping. To verify this feature, we sorted truncated and
read-through reads based on the presence (short fragments)
or absence (long fragments) of the Illumina 3′-adapter se-
quence. The same sharp peak centered on the 27th nu-
cleotide upstream the exon junction was observed for both
short and long truncated reads (Figure 6B). However, the
signal upstream of themain peakwas weaker for short trun-
cated reads compared to long truncated reads. Notably, the
signal shifts upstream for both short and long read-through
reads. Thus, the use of short truncated reads further in-
creases the precision of binding site assignment.
Another strategy for binding site assignment consists
in detecting cross-linking induced mutation sites (CIMS),
which stem from errors during reverse transcription. This
strategy is used in the case of HITS-CLIP and PAR-CLIP
data analysis, where only read-through reads are exploited.
We used the short read-through fraction of reads, which is
more likely to harbor most CIMS, to quantify the num-
ber of mutations in our libraries. We found that deletions
occur in <0.5% of short fragments (with the exception
of one library that reaches over 1.2%); for libraries ob-
tained with AffinityScript, they are not detectable at all;
insertions are consistently negligible (Supplementary Fig-
ure S8). Considering that short fragments are about 50%
of all uniquely mapped reads, a sensitive CIMS detection
would require high sequencing depth, which can be espe-
cially costly in the case of multiplexed experiments. In con-
trast, meCLIP, as well as other iCLIP-derived methods,
identifies the crosslinking-induced truncation sites by using
directly the 5′-ends of the truncated reads, which on average
make up approximately 90% of uniquely mapped reads.
The sharp enrichment of truncated reads observed in
the meta-exon plot for the eIF4A3 datasets (Figure 6A)
prompted us to compare the distribution of reads relative
to the exon junction of four successive CLIP protocols:
the original CLIP or HITS-CLIP (27), iCLIP (19), eCLIP
and meCLIP. By applying exactly the same data analysis
pipeline to all datasets, we observed both a sharpening and
an increase of the meCLIP signal at the 27th nucleotide up-
stream of the exon junction relative to the other protocols
(Figure 6C), indicating that a higher proportion of meCLIP
truncated reads map to this precise position. Altogether, we
demonstrated that the coupling of a nucleotide-resolution
CLIP method to the identification of read-through reads
and to CRISPR/Cas9-mediated genome editing for affin-
ity tagging, improves the accuracy of the cross-linking site
localization.
DISCUSSION
Although extremely informative on transcriptome-wide
RBP binding sites, performing a CLIP experiment is a dif-
ficult task. Following UV irradiation, a small amount of
cross-linked RNA fragments must be isolated by immuno-
precipitation from a tremendous excess (possibly>106 fold)
of undesired RNA fragments. Despite this challenge, the
analysis of CLIP reads generated by deep sequencing are ex-
pected to narrow down the assignment of the RBP binding
sites to one nucleotide. In this study, we show that ligation
of a biotinylated barcode linker to the 5′ end of RNA frag-
ments markedly improves the CLIP cDNA library prepara-
tion to identify and discard misassigned binding sites. Fur-
thermore, genome edition brings a convenient strategy to
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SSIV: SuperScript IV.
bypass the need of specific antibodies for immunoprecipi-
tation.
The tagging of endogenous proteins by genome editing
has recently proved to be an alternative to antibodies for
CLIP analysis (15). Consistently with the work of van Nos-
trand et al., we successfully obtained cell lines expressing
taggedRBPs. In the case of eIF4A3, this incorporatedmod-
ification did not alter its expression nor its capacity to cor-
rectly assemble the EJC. We optimized the genomic mod-
ification strategy to obtain a high yield of homozygous
clones (Supplementary Figures S1–S3). Homozygosis pre-
vents competition between tagged and untagged versions of
the protein within the same cell, while also ensuring that
a higher quantity of edited protein is available. The com-
parison of the expression of native or HA-tagged eIF4A3
in HeLa cells, and the comparison of the CLIP data in the
two cell lines (Figure 2) confirmed that the CRISPR-Cas9
mediated fusion of affinity tags to human RBPs constitutes
a compelling alternative to specific antibodies (15). Fur-
thermore, this strategy offers the opportunity to target pro-
teins for which no antibodies suitable for CLIP are avail-
able, broadening perspectives for the vast number of poorly
characterized RBPs. Simultaneous CRISPR–Cas9 protein
tagging of several proteins with different tags offers the pos-
sibility of co-purifying proteins of interest––a strategy cer-
tainly appropriate to shed light on the dynamics of RBPs,
which often function in several different RNP complexes.
After obtaining cell lines expressing tagged RBPs, the
eCLIP protocol was engineered to distinguish CLIP reads
resulting from either reverse transcriptase termination or
read-through at the cross-linking site. Until now, the fre-
quency of RT stalling at the peptide–RNA cross-linking
site has never been strictly assessed and indirect estimations
suggested that it could be variable (12,21). Our strategy al-
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lowed to precisely measure for the first time the propor-
tion of RT from the truncated ones. The meCLIP data set
analysis shows that the percentage of read-through reads
reaches up to 24% of all reads and is also highly vari-
able and unpredictable (Figure 5 and Supplementary Fig-
ure S6). Among the 10 meCLIP experiments performed
for this study, the percentage of read-through reads varied
from 2 to 24%. Variations from 7 to 24% exist for identical
meCLIP libraries prepared by two different experimenters,
or by the same experimenter at different times, which clearly
demonstrates that read-through frequency cannot be pre-
dicted even for a single RBP. Importantly, we show that
meCLIP distinguishes read-through reads from truncated
reads despite variable proportions of read-through, differ-
ent RT experimental conditions, and different efficiency lev-
els among reverse transcriptases. For two different RBPs,
meCLIP datasets contained a relatively high percentage of
read-through reads. This underlines the importance of us-
ing meCLIP to eliminate the unpredictable proportion of
spurious reads.
Moreover, we found that mapped read-through reads
generate a signal that leads to incorrect RBP binding site
assignment, as seen by the direct relationship between read-
through CITS and read-through read percentage (Figure
5E). Thus, discarding the more imprecise read-through sig-
nal is necessary for precise single-nucleotide binding site
assignment. The benefit of read-through reads elimination
for RBP mapping was clearly visible in the case of eIF4A3,
which is known to be deposited upstream of mRNA splice
junctions. Visualization of individual exons shows that
meCLIP signal corresponding to read-through reads is in
most cases located upstream of signal of truncated reads.
This trend is even more visible on the transcriptome-wide
distribution of the relative distance of the 5′-end of meCLIP
reads to the exon junction. Indeed, read-through read signal
is enriched upstream of the canonical position of eIF4A3,
which is centered 27 nucleotides upstream of spliced junc-
tions. Although this meta-exon analysis is highly repro-
ducible between replicates (Figure 6), we observed similar
correlation coefficients between eCLIP and meCLIP when
comparing replicates at the peak level (Supplementary Fig-
ure S6). However, the moderate correlation of significantly
enriched peaks shows that more efforts are necessary to im-
prove single nucleotide CLIP reproducibility.
Importantly, the proportion of eIF4A3 read-through sig-
nal greatly varies from one exon to another revealing that
even within the same experiment the frequency of RT
stalling is highly variable and unpredictable. As previously
noticed in the case of eIF4A3 mapping (13,19), the con-
sideration of short reads further increases the precision of
binding site assignment. This is probably due to the fact
that the longer the RNA fragments are prior to RT, con-
straints such as non-specific cross-links or secondary RNA
structures are more likely to impair RT and cDNA trun-
cation at the bona fide crosslinking sites. However, despite
a slight enrichment upstream eIF4A3 canonical position,
long truncated reads accumulate in a similar pattern as their
short counterparts. As long reads represent a large fraction
of total reads, discarding them risks decreasing sequencing
depth and negatively affecting downstream analyses. A bet-
ter option would be to select experimental conditions that
maximize the proportion of short fragments (e.g. optimized
ribonuclease treatment, size-selection). Finally, we demon-
strated the improvement brought by the meCLIP strategy
through the comparison of four successive CLIP protocols
targeting eIF4A3: the original CLIP or HITS-CLIP (27),
iCLIP (19), eCLIP and meCLIP (Figure 6c), under similar
experimental conditions (such as cell lines and antibodies)
and using the same analysis pipeline. Future meCLIP anal-
yses of eIF4A3 will certainly help to understand the mech-
anisms that regulate the EJC deposition. More generally,
future analyses of meCLIP shall tell whether this method
adds a quantitative and localized dimension to the study of
RBP dynamics and function.
In summary, our meCLIP method significantly improves
the accuracy of RBP binding site mapping by unambigu-
ously filtering out CLIP reads that do pinpoint RBP cross-
linking sites and consequently translate into biased peaks.
Furthermore, the combination of genome editing to fuse ef-
ficient affinity tags to RBP of interest with meCLIP paves
the way to elucidate poorly characterized RBP functions
and their role in post-transcriptional gene regulation.
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